Transcriptome comparison of the Streptococcus pneumoniae strain D39 grown in the presence of either lactose or galactose with that of the strain grown in the presence of glucose, revealed elevated expression of various genes and operons, including the lac gene cluster that is organized into two operons i.e. lac operon-I (lacABCD) and lac operon-II (lacTFEG).
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Introduction
Carbohydrate metabolism and utilization, and their proper regulation play a key role in the survival of prokaryotes, since carbohydrate sources are the most common means of energy that are required to produce essential nucleotides, cofactors and other indispensable metabolites for growth (116, 117) . When encountering multiple sugars and energy sources simultaneously, a cell goes through metabolic assessment and usually prefers a particular energy source such as glucose, to another (116, 117) . Central carbon metabolism in most bacterial species including the model free-living Gram-positive bacterium Bacillus subtilis, is controlled by a mechanism called Carbon Catabolite Repression (CCR) (67, 114, 116, 117) .
CCR enables a bacterium to select a preferred sugar over a non-preferred one, aiding the organism to maintain a proper energy balance (109). CCR is mediated by the transcriptional factor CcpA (Carbon Catabolite Protein A) in the presence of a preferred source of energy such as glucose (109, 115, 117, 118) . CcpA mediates the repression of genes involved in the utilization of non-preferred sugars in the presence of the preferred sugar by binding to Catabolite Repression Elements (cre boxes) found in the promoter regions of these genes (114, 115) . The binding strength of CcpA to cre sequences, present in the promoter regions of CcpA targets, is boosted by the histidine phosphoprotein (HPr-Ser-46P) (75). HPr is a central element of the phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS),
where it usually helps in the transfer of high-energy phosphate from phosphoenolpyruvate to the enzyme-II complex during sugar uptake (75).
Low-GC bacteria are also able to utilize non-preferred sugars, like a β-linked disaccharide of β-D-galactose, α/β-D-glucose or lactose, normally found in dairy-rich diets.
Galactose is slowly metabolized by bacteria and in some cases it helps in colonization (30, 105) . There are a number of pathways in bacteria that have been shown to be involved in the utilization of lactose found in the environment (119-121). For instance, Streptococcus salivarius strain 25975 secretes a β-galactosidase enzyme that hydrolyzes extracellular lactose into galactose and glucose, although lactose is normally transported inside the bacterial cell and then gets phosphorylated (lactose-6-P) before being cleaved (122). Lactose and galactose are commonly utilized through the Tagatose pathway in streptococci (119, 120) . Galactose can also be catabolized by the Leloir pathway (119, 123), which usually involves a multiple sugar metabolism (msm) system for galactose transport (124). However, the permease responsible for galactose transport has yet to be identified in Streptococcus pneumoniae (123).
The regulatory mechanism of the Leloir pathway has already been studied in Streptococcus mutans (119), Streptococcus gordonii (120), Streptococcus thermophiles (125), and other bacteria, where the transcriptional repressor GalR has been shown to repress the expression of genes involved in the Leloir pathway.
S. pneumoniae is a low-GC Gram-positive human pathogen that has the ability to utilize different sources of carbohydrates (30, 67, 100, 102) , including lactose and galactose.
Some strains of Neisseria that are able to utilize lactose, have been found in the human nasopharynx (126) suggesting the presence of lactose moieties in the nasopharynx. Unlike various other bacteria, S. pneumoniae possesses a lac gene cluster that is organized into two operons: lac operon-I and lac operon-II. lac operon-I consists of Tagatose-6-P pathway genes (lacABCD) and lac operon-II consists of a lactose-specific PTS, a β-galactosidase and a transcriptional antiterminator, lacT. LacT is a member of the BglG/SacY family of proteins (127) and has a co-antiterminator (CoAT) RNA-binding domain (128) at its amino terminus. coli (145).
In the current work, we study the effect of lactose and galactose on global gene expression in S. pneumoniae and characterize the lactose-and galactose utilization gene cluster (lac gene cluster: lac operon-I and -II) in S. pneumoniae. Furthermore, we demonstrate that the transcriptional regulator LacR acts as a transcriptional repressor of the Tagatose-6-P pathway genes (lac operon-I) and LacT acts as transcriptional activator for genes (lac operon-II) encoding the lactose transporting PTS and a phosphor-β-galactosidase. We also demonstrate the CcpA-independent regulation of the lac gene cluster in the presence of lactose, galactose and glucose.
Materials and Methods

Bacterial strains and growth conditions
Bacterial strains and plasmids used in this study are listed in Table- For selection on antibiotics, the medium was supplemented with the following concentrations of antibiotics: spectinomycin, 150 µg/ml and tetracycline, 2.5 µg/ml for S. pneumoniae; and ampicillin, 100 µg/ml for E. coli. All bacterial strains used in this study were stored in 10%
(v/v) glycerol at -80°C. 
DNA isolation and manipulation
All DNA manipulations in this study were done as described before (146). For PCR amplification, chromosomal DNA of S. pneumoniae D39 strain (147) was used. Primers used in this study are based on the sequence of the D39 genome (147) and listed in Table- 2.
Construction of a lacR and lacT mutants
A lacR deletion mutant was made by allelic replacement with a spectinomycinresistance marker. Briefly, primers lacR-1/lacR-2 and lacR-3/lacR-4 were used to generate PCR fragments of the left and right flanking regions of lacR. PCR products of left and right flanking regions of lacR contain AscI and NotI restriction enzyme sites, respectively. The spectinomycin-resistance marker was amplified with primers Spec-F/Spec-R from plasmid pORI38 (148). The spectinomycin-resistance marker also contains AscI and NotI restriction enzyme sites on its ends. Then, by restriction and ligation, the left and right flanking regions of lacR were fused to the spectinomycin-resistance gene. The resulting ligation product was transformed to S. pneumoniae D39 wild-type and selection of the lacR mutant strain was done using the appropriate concentration of antibiotic. 
To delete lacT, primers lacT-1/lacT-2 and lacT-3/lacT-4 were used to generate PCR fragments of the left and right flanking regions of lacT respectively. A markerless lacT mutant was constructed using pORI280, as described before (146). Mutants were further examined for the presence of the lacR and lacT deletion by PCR and DNA sequencing.
Construction of promoter lacZ-fusions and β-galactosidase assays
Chromosomal transcriptional lacZ-fusions to the lacA, lacT and galK promoters were constructed in the integration plasmid pPP2 (149) via double crossover in the bgaA locus with primer pairs mentioned in Table- 2, resulting in pMA101, pMA102 and pMA103, respectively. These constructs were subsequently introduced into D39 wild-type resulting in strains MA102, MA105 and MA108, respectively. pMA101 and pMA102 were also transformed to the ∆lacR and ∆lacT strains resulting in strains MA103, MA104, MA106 and MA107, respectively. Similarly, pMA102 was transformed to ∆ccpA (67) resulting in strain MA109. All plasmid constructs were checked by PCR and DNA sequencing.
β-galactosidase assays were performed as described before (146, 150), using cells that were grown in M17 medium with appropriate sugars as mentioned in the Results section. The cells are harvested in their respective mid-exponential phase of growth.
Reverse transcription (RT)-PCR
To confirm that the lac gene cluster transcribes into two transcriptional units, D39 wild-type was grown in LM17 (0.5% Lactose + M17) medium and total RNA was isolated as described 
Microarray analysis
For DNA microarray analysis in the presence of lactose, the transcriptome of S.
pneumoniae wild-type D39 strain, grown in 3 biological replicates in GM17 (0.5% Glucose + M17) medium, was compared to the transcriptome of the same strain grown in 3 biological replicates in LM17 (0.5% Lactose + M17) medium. Similarly, for DNA microarray analysis of the response to galactose, the transcriptome of S. pneumoniae D39 wild-type strain, grown in 3 biological replicates in GM17 (0.5% Glucose + M17) medium was compared to the transcriptome of the same strain grown in 3 biological replicates in GalM17 (0.5% Galactose
To analyze the effect of lacR deletion on the transcriptome of S. pneumoniae, the D39
wild-type strain and its isogenic mutant lacR, were grown in triplicate in GM17 (0.5% Glucose + M17) medium and harvested at the mid-exponential phase of growth. To study the impact of lacT deletion on the transcriptome of S. pneumoniae, D39 wild-type and the ∆lacT were grown in triplicate in LM17 (0.5% Lactose + M17) medium and harvested at the midexponential growth phase. All other procedures regarding the DNA microarray experiment were performed as described previously (151).
Microarray data analysis
DNA microarray data were analyzed as previously described (72, 151). For the identification of differentially expressed genes a Bayesian p-value of <0.001 and a fold change cut-off 3 was applied. Microarray data have been submitted to GEO under accession number GSE58184.
Results
Organization and localization of the lactose utilization genes in S. pneumoniae D39
Blast searches using protein sequences of the lactose utilization operon of S. mutans lac operon-I consists of four genes (lacABCD); lacA and lacB encode the A and B subunits of the galactose-6-phosphate isomerase, whereas lacC encodes the tagatose-6-phosphate kinase and lacD encodes the tagatose-1,6-bP aldolase. lac operon-II consists of five genes. These genes are lacF, lacE, lacG, a hypothetical protein and lacT. lacFE encode for the A and BC components of the lactose specific PTS system EII, lacG encodes the 6-phospho-β-galactosidase and lacT encodes a BglG-family transcriptional antiterminator. Most likely, in S. pneumoniae, lactose is transported inside the cell by the phosphoenolpyruvate (PEP)-dependent lactose specific PTS (lacFE) like in other Gram-positive bacteria, producing lactose-6-phosphate (Lac-6-P), which is then further hydrolyzed to glucose and galatose-6-phosphate (Gal-6-P) by LacG, and the Gal-6-P is catabolized through the Tagatose pathway (122, 153) . To further study the role of these genes in lactose utilization, we performed transcriptome analysis in the presence of lactose.
Lactose-dependent gene expression in S. pneumoniae
To elucidate the transcriptional response of S. pneumoniae to lactose, transcriptome comparisons of the D39 wild-type grown in LM17 (0.5% Lactose + M17) with GM17 (0.5% Glucose +M17) were performed. Table-3 Expression of some other genes and operons was also affected in the presence of lactose. To find out why the expression of these genes was affected in our microarray analysis, we further analyzed the promoter regions of these genes/operons and found out that these genes/operons have putative CcpA binding sites (cre box) in their promoter regions.
Most likely the CcpA repression on these genes was relieved in the absence of glucose. These findings are also supported by the previous study of Carvalho et al (67). Interestingly, S.
pneumoniae also harbors genes involved in the Leloir pathway i.e. galKTE. galK encodes the galactokinase, galT encodes the galactose-1-P uridylyltransferase and galE encodes the UDPglucose-4 epimerase. However, no change in the expression of these genes was observed in the presence of lactose. Therefore, we decided to also perform a microarray analysis in the presence of galactose to study the expression/regulation of genes involved in Leloir pathway. 
Galactose-dependent gene expression in S. pneumoniae
To elucidate the transcriptomic response of S. pneumoniae to galactose, microarray analyses of the D39 wild-type were performed in GaM17 (0.5% Galactose + M17) to compare with GM17 (0.5% Glucose +M17). Table-4 enlists the transcriptome changes incurred in strain S. pneumoniae D39 in the presence of galactose. The presence of galactose in the medium seems to have a very profound and specific effect on the Tagatose pathway genes when the criteria of ≥ 3.0-fold difference and p-value <0.001 were used. The Tagatose pathway genes were highly upregulated in the presence of galactose suggesting that galactose can also be metabolized through the Tagatose pathway. However, no effect on the expression of genes encoding the Leloir pathway enzymes was observed.
To confirm this further, we made a promoter lacZ-fusion of galK and transformed it into D39 wild-type strain and checked the expression of PgalK-lacZ in the presence of galactose through β-galactosidase assays. We did not see any activation of PgalK-lacZ responding to galactose, confirming our microarray results in the presence of galactose (Figure-2 ). This data further suggests the involvement of another regulator that represses the expression of genes involved in the Leloir pathway in the presence of glucose, lactose and galactose. To solve this mystery of another regulator, we analyzed the promoter region of galK and found a cre box (5'-AAGAAAACGATTACAC-3') in the promoter region of galK.
The presence of a cre box in the promoter region of galK suggests that CcpA strongly represses this operon (galKT) in the presence of glucose and galactose (67). Figure 2: Expression levels (in Miller units) of PgalK-lacZ in D39 wild-type grown in M17 (without any sugar), GM17 (0.5% Glucose + M17), LM17 (0.5% Lactose + M17) and GalM17 (0.5% Galactose + M17) medium. Standard deviation of three independent experiments or replicates is indicated in bars.
Lactose induces, while glucose represses, the expression of the lac gene cluster
To confirm our lactose and galactose transcriptome results, we made transcriptional lacZ-fusions of PlacA and transformed it into D39 wild-type strain and checked the promoter activity in the presence of various sugars (Table-5 ). The expression of PlacA-lacZ was significantly higher in the presence of galactose and lactose in the medium compared to other
PgalK-lacZ
sugars. These results suggest that the lac gene cluster is activated in the presence of galactose or lactose, while repressed in the presence of other sugars, including glucose. Moreover, these results are also in accordance with our microarray data mentioned above. 
LacR acts as a transcriptional repressor of lac operon-I, while LacT acts as a transcriptional activator of a lac operon-II
LacR, a DeoR family transcriptional regulator, is present downstream of the lac gene cluster. To study whether lacR is involved in the regulation of the lac gene cluster, we constructed a lacR isogenic mutant by replacing lacR with a spectinomycin-resistance marker and transformed PlacA-lacZ and PlacT-lacZ transcriptional fusions into ∆lacR. β-galactosidase assays were performed with the strains containing these transcriptional lacZfusions grown in M17, GM17 (0.5% Glucose +M17) and LM17 (0.5% Lactose +M17) media.
β-galactosidase assay data showed that the deletion of lacR leads to the high expression of PlacA-lacZ even in the presence of glucose (Figure-3A) . However, lacR deletion had no effect on the expression of PlacT-lacZ, which suggests the putative role of another transcriptional regulator in the regulation of lac operon-II. To study the effect of lacT deletion on the regulation of lac operon-II, we transformed a assays were performed with the strains containing PlacT-lacZ grown in M17, GM17 (0.5% Glucose +M17), and LM17 (0.5% Lactose +M17) media. The activity of PlacT-lacZ was abolished in ∆lacT in the presence of lactose compared to the wild-type strain ( Figure-3B ), suggesting a role of LacT as transcriptional activator of lac operon-II.
To further investigate the role of LacT in the regulation of lac operon-I, we transformed PlacA-lacZ into ∆lacT. β-galactosidase assays were performed with the strain containing this transcriptional lacZ-fusion grown in LM17 (0.5% Lactose +M17) medium. No difference in the activity of PlacA-lacZ was observed in ∆lacT compared to wild-type in the presence of lactose and glucose, indicating that LacT has no role in the regulation of lac operon-I (Figure-3A) .
DNA microarray analysis of the ∆lacR strain
To elucidate the effect of lacR deletion on the gene expression of S. pneumoniae, DNA microarray analyses were performed with D39 wild-type against its isogenic lacR mutant grown in GM17 (0.5% Glucose + M17) medium. GM17 medium was used as LacR represses the expression of its target genes in the presence of glucose (shown above). Table-6 enlists the results of transcriptome changes induced in S. pneumoniae by the deletion of lacR.
lacR deletion did not have a broad effect on the trancriptome of S. pneumoniae. After choosing the criterion of ≥ 3.0-fold difference as the threshold change and a p-value < 0.001, lac operon-I was the only operon that was significantly upregulated in the ∆lacR strain, suggesting lac operon-I as the only target of LacR, and confirming the role of LacR as a negative transcriptional regulator of lac operon-I. No effect on the expression of lac operon-II was observed in the absence of lacR. This data is also in accordance with the β-galactosidase assays data mentioned above.
lacT acts as a transcriptional activator of lac operon-II
To find more targets of LacT, we decided to perform microarray analyses of the S.
pneumoniae ∆lacT strain with D39 wild-type strain in LM17 (0.5% Lactose +M17) medium.
LM17 medium was used because our β-galactosidase assays showed that LacT activates its targets in the presence of lactose. The results of the microarray analyses are summarized in Table-7 . lacT mutation did not have broader effects on the transcriptome of S. pneumoniae.
lac operon-II was the only operon that was downregulated in the ∆lacT strain in the presence of lactose. Downregulation of lac operon-II in ∆lacT not only confirms our β-galactosidase assays with PlacT-lacZ, but also demonstrates the role of LacT as a transcriptional activator of lac operon-II in the presence of lactose. 
Role of CcpA in regulation of lac operon-I and -II
CcpA is global transcriptional regulator that represses the expression of genes involved in the utilization of non-preferred sugars in the presence of a preferred one (67). To study the role of CcpA in the regulation of lac operon-I and -II, we analyzed the promoter regions of lacA and lacT for the presence of cre boxes. Interestingly, a putative cre box (5'-ATGTAAAGGTTTACAA-3') is only present in the lacT promoter region, suggesting the putative role of CcpA in the LacT-dependent regulation of lac operon-II. However, no cre box was found in the lacA promoter region, suggesting CcpA-independent regulation of lac operon-I by transcriptional repressor LacR.
To determine the functionality of the cre box present in the lacT promoter region, we transformed PlacT-lacZ in the ∆ccpA. β-galactosidase assays showed that ccpA deletion has no effect on the expression of lac operon-II even in the presence of glucose (data not shown here). These results suggest that most likely the cre box present in PlacT is not functional and
CcpA has no role in the regulation of the lac gene cluster. These findings are also consistent with the previous findings of Carvalho et al (67). 
Discussion and conclusions:
S. pneumoniae, like many other bacteria, utilizes glucose as one of the preferred carbon/energy sources (97). However, it also has the ability to utilize other carbon sources, if glucose is not available in environment, which is also evident from the presence of several other sugar-specific systems in S. pneumoniae (81, 97, 147) . The presence of such systems is a representation of a pattern of self-regulating evolution of the regulatory and metabolic genes in S. pneumoniae (154). Regulation of many of these systems dedicated for sugars, including sucrose, maltose, raffinose, cellobiose and others, have been studied extensively in S.
pneumoniae (67, 81, 100, 102, 156) . However, lactose-and galactose-dependent systems have not been explored yet in S. pneumoniae. Lactose and galactose are usually metabolized by Tagatose and Leloir pathways, respectively, and regulation of these pathways has already been studied in various bacteria. BLAST searches showed that S. pneumoniae also possesses a gene cluster (lac gene cluster) that encodes enzymes required for the functionality of the Tagatose and Leloir pathways. In this study, we have studied the effect of lactose and galactose on the transcriptome of S. pneumoniae and characterized the role of two transcriptional factors (LacR and lacT) that are required for the regulation of the lac gene cluster.
The lac gene cluster (consisting of two operons: lac operon-I and lac operon-II) of S.
pneumoniae shares high sequence homology with the lac operon in S. mutans and the lac gene cluster in S. gordonii. In S. mutans, the lac genes are organized in one operon (134), whereas in S. gordonii, the lac genes are organized in two operons (120), as they are in S. The PEP-dependent PTSs are the primary carbohydrate uptake systems in all bacteria, which phosphorylate their substrates during uptake and play a key role in the regulation of metabolic activities (75, 79, 81, 157) . lac operon-II of S. pneumoniae encodes for a lactosedependent PTS (LacFE) that probably is involved in the transport and phosphorylation of lactose inside the cell, and a 6-phospho-β-galactosidase (LacG) that putatively breaks lactose-6-P down into glucose and galactose-6-P (134 Lactose and most of the galactose are usually utilized through the Tagatose pathway (LacABCD), but galactose can also be utilized by the Leloir pathway (134). Galactose enters the cell through an unknown permease in S. mutans and gets phosphorylated by a galactokinase (GalK) to produce galactose 1-phosphate, which is then transformed into glucose 1-phosphate by hexose 1-phosphate uridyltransferase (GalT) and UPD-glucose epimerase (GalE) (123). The glucose produced in this process enters the glycolytic pathway.
No significant change in the expression of genes encoding for Leloir pathway enzymes has been detected in our microarray studies. However, Tagatose pathway genes were upregulated in the presence of galactose in our tested condition. The repression of Leloir pathway genes in the presence of glucose and galactose is due to CcpA, as CcpA causes repression of certain genes that have cre boxes in their promoter regions (67). Also, there is no strong change seen in the expression of lacFE in our galactose microarray results suggesting that galactose is not fully transported through this PTS and there must be some other transport system for galactose.
CcpA (Carbon catabolite protein A) is the master regulator that regulates genes involved in sugar metabolism (67, 114, 115) . There are many other systems specified for nonpreferred sugars that are regulated independently of CcpA like CelR in S. pneumoniae (101).
In this study, we could not see an effect of CcpA on the regulation of the lac gene cluster of S.
pneumoniae, though there is a putative cre box in the promoter region of lacT. Similar results were found in a recent transcriptome-wide analysis of a ∆ccpA in glucose and galactose, where ccpA deletion has no effect on the expression of lac gene cluster (67). This suggests that expression of the lac gene cluster is independent of CcpA and most likely the putative cre box present in PlacT is not functional, probably because it is not located properly or due to the missing important central CG in the putative cre box.
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To find the putative LacR binding site in the promoter region of lacA, we looked in the RegPrecise database (165) for already predicted sites and found a stretch of DNA spanning 18-bp (5'-AAATAACAAAACAAACAC-3'). To explore whether there are more putative LacR binding sites in the D39 genome, we conducted a genome-wide search with the putative pneumococcal LacR operator site mentioned above. The putative LacR operator site was exclusively found in the promoter region of lac operon-I confirming that lac operon-I is the only target of LacR in S. pneumoniae. This predicted LacR operator site is also found highly conserved in other streptococci as well (165), suggesting a similar function of LacR in other streptococci.
